ABSTRACT Site-directed mutagenesis was used to mutate aCys418 and (3Cys447 in the M4 domain of Torpedo califomica acetylcholine receptor expressed in Xenopus laevis oocytes. The M4 region is a transmembrane domain thought to be located at the lipid-protein interface. By whole-cell voltage clamp analysis, mutation of both a subunits to aTrp418 increased maximal channel activity approximately threefold, increased the desensitization rate compared with wild-type receptor, and shifted the EC50 for acetylcholine from 32 pM to 13 pM. Patch measurements of single-channel currents revealed that the aTrp418 increased channel open times -28-fold at 1 30C with no effect on channel conductance. All of our measured functional changes in the aTrp418 mutant are consistent with a simple kinetic model of the acetylcholine receptor in which only the channel closing rate is altered by the mutation. Our results show that changes in protein structure at the putative lipid-protein interface can dramatically affect receptor function.
INTRODUCTION
The nicotinic acetylcholine receptor (AChR) is a ligandgated and cation-selective ion channel protein located in the postsynaptic membranes of many nerve, muscle, and fish electric organ cells. AChR from the marine electric ray Torpedo californica can be easily obtained in large quantities, and its structural and biochemical features have been extensively characterized. The Torpedo AChR is a multi-subunit integral membrane glycoprotein with four homologous polypeptide subunits, designated a, ,B, y, and 6, with a relative stoichiometric ratio of a2g'A (for recent reviews see Stroud et al., 1990; Galzi et al., 1991; Lingle et al., 1992; Pradier and McNamee, 1992; Unwin, 1993a) . A generally accepted model for the topology of all subunits assumes that the transmembrane domains of each subunit are composed of four hydrophobic domains (Ml, M2, M3, M4) (Claudio et al., 1983; Devillers-Thiery et al., 1983; Noda et al., 1983) , and that both the N-and C-terminals are located on the extracellular side (DiPaola et al., 1989; see Fig. 1 ). The M2 transmembrane segment of each subunit is believed to form the lining of the aqueous channel pore (Hucho et al., 1986; Imoto et al., 1988; Leonard et al., 1988; Charnet et al., 1990; Revah et al., 1990 Revah et al., , 1991 Villarroel et al., 1991; Bertrand et al., 1992; Pedersen et al., 1992; Villarroel and Sakmann, 1992) , but the functions of the other domains are not clear.
To understand the interrelationship between structure and function is an important challenge in characterizing the mechanism of action of the AChR. Selective chemical modifications of cysteine residues in the AChR have been used over the past 20 years as a powerful approach to probe structure-function relationships (Huganir and Racker, 1982 ; Kao et al., 1984; Clarke and Martinez-Carrion, 1986; Kao and Karlin, 1986; Yee et al., 1986; Mosckovitz and Gershoni, 1988; Marquez et al., 1989) . Early attention focused on the pair of cysteines at the ACh binding site (Kao et al., 1984 ; Kao and Karlin, 1986) . In addition, chemical modification of free thiol groups by either N-(l-pyrenyl)maleimide (PM) or N-phenylmaleimide (NPM) of Torpedo AChR under nonreducing conditions led to inhibition of ion channel activity without a detectable effect on ligand binding (Clarke and Martinez-Carrion, 1986; Yee et al., 1986) .
Efforts to resolve which cysteines are located in functionally sensitive domains have continued. The 'yCys4l6 and yCys420 residues in the amphipathic MA helix located in the cytoplasmic domain between the M3 and M4 segment of the y subunit and the yCys451 in the M4 transmembrane segment have been identified as the principal sites labeled by NPM. These sites have been studied by site-directed mutagenesis and expression in Xenopus laevis oocytes (Pradier et al., 1989; Li et al., 1990) . Mutations of the yCys4l6 and/or yCys420 to Phe or Ser did not show significant functional effects (Pradier et al. 1989) , whereas mutations of the ,yCys451 to Phe or Ser showed substantial inhibition of the channel activity (Li et al., 1990) as measured electrophysiologically by whole-cell current responses to ACh. A cysteine in the Ml transmembrane segment of the a subunit (aCys222) can be selectively labeled by PM (Marquez et al. 1989) , and mutation of this Cys to Ser (Mishina et al., 1985) in Torpedo AChR or mutation of an equivalent cysteine in the a subunit of murine AChR to Ser (Lo et al., 1991) resulted in no functional changes of the receptors. 
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The inhibitory effects of alterations of cysteine residues in the M4 region are somewhat surprising, since the M4 region is believed to be located at the lipid-protein interface based on independent chemical labeling studies (Giraudat et al., 1985; Blanton and Cohen, 1992; see Fig. 1 ). In the work presented here, we examine the functional roles of other cysteines at the presumed lipid-protein interface in Torpedo AChR. The cysteine equivalent to the atCys418 in Torpedo is highly conserved among the a subunits from different species and in the Torpedo A subunit. The chemical status of the aCys418 and aCys412 in Torpedo AChR remain uncertain, since they are insensitive to alkylating agents and could be disulfide bond-linked, fatty acylated, or unusually unreactive (Mosckovitz and Gershoni, 1988) . Fig. 1 shows the relative position of the aCys418 in a schematic representation of AChR structure. In this paper, we focus on different amino acid substitutions of the Cys418 in the, a subunit of Torpedo AChR and a similar cysteine in the 3 subunit (,BCys447) to investigate structure-function relationships involving the M4 domain. In preliminary experiments we observed an increase in the normalized whole-cell current responses for the aTrp418 mutant at very low ACh concentrations (Li et al., 1992 
MATERIALS AND METHODS Materials
Enzymes for recombinant DNA manipulation were purchased from New England Biolabs (Beverly, MA). Taq DNA polymerase and DNA amplification kits were from Perkin-Elmer Cetus (Norwalk, CT). Oligonucleotides for polymerase chain reaction (PCR) and DNA sequencing were ordered from American Synthesis (Pleasanton, CA). All other reagents were obtained from standard suppliers.
Mutations on the a and subunit of Torpedo AChR
The coding region of the a subunit of Torpedo AChR was subcloned from pa (Pradier et al., 1989) into the HindIII and EcoRI sites of the pGEM3Z(-) vector from Promega (Madison, WI). Directed mutagenesis of the aCys418 was carried out by mismatch amplification using two sequential PCRs (Horton and Pease, 1991) . Mutagenic primers were synthesized containing the desired DNA sequence extending about 11 bases on each side of the mismatched region. Flanking primers (-20 mers) were designed to recognize sequences outside the BglII restriction site in the coding region of the a subunit and the EcoRI site on the vector portion of the plasmid. Amplification reactions were performed in a DNA thermal cycler (PerkinElmer Cetus) for 30 cycles with denaturation for 1 min at 94°C, annealing for 3 min at 48°C, and polymerization for 3 min at 72°C. The reaction mixture of the first reaction contained 100 ,ul of 50 mM KC1, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 0.01% gelatin, 200 ,uM each of dNTP, 100 ng DNA plasmid, 1 ,ug each of primer, and 2.5 units of Taq polymerase. The conditions for the second PCR were identical to those for the first one, except that the first PCR products were used instead of the DNA plasmid. The amplified DNA was purified using GeneClean (Bio 101, La Jolla, CA) and then digested with BglII and EcoRI. The final fragment (-900 bp) was purified by GeneClean again and ligated back to the expression plasmid. The resulting mutants were sequenced using the Sequenase 2.0 (United States Biochemical Corp., Cleveland, OH) for double-stranded DNA sequencing to ensure that the desired mutation was present and no undesired base changes had occurred. Mutation for ,BCys447 was carried out by the same strategy but BstXI and SacII were used as restriction sites.
In vitro RNA transcript synthesis and expression in X. Iaevis oocytes
The linearized cDNA templates of a, (3, y, and 8 subunits of Torpedo nAChR (pa, pX13, pXy, and SP64T8) (Pradier et al., 1989) were used for in vitro transcription by SP6 polymerase in the presence of ribonucleotide triphosphates and the cap analogue (m7G(5')ppp(5')G, 5' 7-methyl guanosine residue). Purification of RNA transcripts was performed using Select-D(RF) columns (5 Prime-3 Prime Inc., West Chester, PA) according to the manufacturer's directions.
Ovarian lobes were obtained from anesthetized female X. laevis through a ventral incision about 1 cm in length, and the wounds were closed with two or three stitches of sterile catgut. Follicle cell layers were removed by incubation of the oocytes in Ca2+-free OR2 buffer (Wallace et al., 1973) containing 82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 1 mM Na2HPO4, (Li et al., 1990; Li et al., 1992) was MOR2 buffer (82 mM NaCl, 2.5 mM KCl, 1 mM Na2HPO4,5 mM MgCl2, 0.2 mM CaCl2, and 5 mM HEPES, pH 7.4). To decrease the ACh-induced whole-cell current, the present experiments used an external solution modified from MOR2 buffer by adding EGTA to chelate the free Ca2' and by substituting half of the NaCl concentration with Tris-HCl. The new buffer contained 66 mM Tris-HCl, 41 mM NaCl, 2.5 mM KCl, 1 mM Na2HPO4, 5 mM MgCl2, 0.2 mM CaCl2, 5 mM HEPES, and 0.5 mM EGTA, pH 7.4. Solutions containing ACh were freshly prepared immediately before measurement from a 1 M ACh stock solution, which was stored at -20°C. Volume of the oocyte chamber was 1.5 ml. Perfusion rates were 15 ml/min.
The normalized channel activity is defined as the peak of ACh-induced current (nA) per femtomole of surface a-bungarotoxin binding sites (see below). Dose-response measurements for wild-type and each mutant AChR were repeated on at least three oocytes. Data points of dose-response curves were calculated from the peak currents at each concentration. Data points up to 300 ,M ACh were fitted with a curve of the form Y = 100/(1 + (Kd/A)n) using nonlinear regression. Hill coefficients and EC50s (ACh concentrations that give 50% response of maximum normalized activity) were determined from the fitted curves (Table 1 ). The calculated EC50s and Hill coefficients do not include ACh concentrations higher than 300 ,uM. By considering that the EC50 may be influenced by desensitization of AChR, peak currents were also corrected due to attenuation by desensitization. Fifty percent of the peak responses were taken as zero time (Cachelin and Colquhoun, 1989) 
Single-channel recording
Oocytes expressing the Torpedo AChR were transferred to a hypertonic solution composed of 150 mM NaCl, 2 mM KCl, 5 mM HEPES, and 3% sucrose (pH 7.6) for 15-30 min to induce osmotic shrinkage. The vitelline membrane was removed manually, and the oocytes were transferred to the recording chamber and washed with 5-10 volumes of a bath solution consisting of 100 mM KCl, 1 mM MgCl2, 10 mM HEPES (pH 7.2). Patch pipettes were made of thick-walled (0.64 mm) borosilicate glass (Sutter Instruments) and had resistances from 7 to 11 Mfl. The pipette (external) solution was composed of 100 mM KCl, 10 mM HEPES, 10 mM EGTA (pH 7.2), and 1-4 ,uM ACh. Single-channel currents were recorded using the on-cell patch configuration (Hamill et al., 1981 ) using a L/M-EPC 7 patch-clamp amplifier interfaced to a Cheshire Data Interface and DEC LSI 11/73 computer system (INDEC Systems, Sunnyvale, CA) or a Dagan 3900 amplifier interfaced with a TL-1 DMA (Axon Instruments) to a Everex 386 computer. After a gigaohm seal formation (>10 Gfl), the chamber was cooled to the desired temperature and the data recorded on VHS tapes for later analysis using a modified digital audio processor (VR-1OB and VR-1OC, Instrutech Corp., Mineola, NY).
Data analysis was performed using pCLAMP software (Axon Instruments) to generate data files. The data reduction step was performed using the IPROC V.3 software programs also distributed by Axon Instruments. All the data generated in this way were filtered at 4 kHz and sampled at 100 ,us. Single-channel conductance was calculated from the slope of the current-voltage curves. Open times were calculated from steady-state recordings at -80 mV using a half-amplitude criterion. The measurable shortduration closures in channel openings that are seen in most AChR activity were not evident in our recording, even at higher temporal resolution, indicating that under these conditions there is only one opening per burst.
Radioligand binding assay
Binding assays using [125I]a-bungarotoxin (Amersham Life Sciences, Ar- lington Heights IL, -74 TBq/mmol) were performed according to the conditions described by Li et al. (1990) . Briefly, the surface binding reactions were performed on the same intact oocytes immediately after the voltage clamp measurement by moving each oocyte into a 80-gl reaction solution containing 1 nM ['"-I]a-bungarotoxin and 0.5 mg/ml bovine serum albumin. The samples were incubated for 2 h at 250C and the reaction was The maximum ACh-induced currents were observed at 300 ,uM ACh. The maximum channel activities normalized to the number of a-bungarotoxin binding sites for each mutant receptor are listed in Table 1 . The results demonstrate that the aTrp418 mutation increases the maximum channel activity to 283% of wild-type AChR, the aPhe418 mutation increases it to 241%, the ,BTrp447 mutation increases it to 130%, the aGly418 mutation decreases it by -50%, and the aAla418 mutation gives the similar maximal activity as wild type. Thus mutant receptors with bulky aromatic side chains (Trp and Phe) at the a418 position show larger maximum channel activities and a mutant with a smaller side chain (Gly) decreases channel activity; replacement of aCys418 with Ala, which has a similar size, had little effect on maximum normalized response to ACh.
Because of the dramatic functional increase of this aTrp418 mutant, the whole-cell current saturated our voltage clamp amplifier when responses were obtained at high ACh concentrations in standard buffer solution (MOR2 buffer; see Materials and Methods). To prevent this, the extracellular solution was altered to decrease the current by substituting half of the NaCl concentration with Tris-HCl as described in Materials and Methods. In addition, EGTA was added to chelate the free Ca2" in the extracellular buffer to prevent activation of the Ca2" activated Cl-channel, which is endogenous in X. laevis oocytes (Barish, 1983; Mishina et al., 1985; White et al., 1987 ). An alternative solution of decreasing the amount of mRNA injected was less desirable, since a consistently high level of AChR expression is required to a-bungarotoxin binding assay is essential for obtaining normalized measurements of channel activity, expressed in nA current per fmole toxin binding sites in each individual oocyte (Li et al., 1990) , that can be compared among oocytes and between mutants. By injecting 50 ng of RNA mixture for AChR, we found the typical expression level to be 3.4 ± 1.8 (n = 7) fmol per oocyte. None of our mutants showed alterations in the expression level in the toxin-binding assay. Because the aTrp418 showed very high channel activity, 40 ng of RNA mixture was routinely used for oocyte injection to obtain sufficiently high expression of AChR without saturating our voltage clamp amplifier.
Examples of dose-response curves for wild type and each of the mutant AChRs are shown in Fig. 2 Fig. 3 to illustrate the effects of the mutation on desensitization at different ACh concentrations. Desensitization rates increased with increasing ACh concentrations in oocytes expressing both wild-type and mutant AChRs. However, the aTrp418 mutant showed significantly faster desensitization rates compared with the wild type at all ACh concentrations. We used the average time for the current to decline to half of its peak amplitude, t1/2, as an indication of the desensitization time course. Average tj/2 values were more than fourfold longer in oocytes expressing wild-type AChR at 300 ,uM ACh (t/2 > 60 ± 8 s, n = 3) than in those expressing the aTrp418 mutant AChR (tj/2 = 15 + 3 s, n = 5). perature for single-channel recording, wild-type channels showed a mean open time T = 0.6 ± 0.01 ms (n = 8 patches; 4 batches of oocytes). The mean open time of the aTrp418 channels was T = 16.5 ± 0.06 ms (n = 10 patches; 3 batches of oocytes), representing a 28-fold increase from wild type. At higher temperatures the apparent magnitudes of the increase in channel open time were somewhat less (e.g., -23-fold at 17°C) but remained substantial at all temperatures between 11°C and 22°C. There was no significant difference for either wild-type or the aTrp418 receptor in channel conductance and open times recorded on different days after mRNA injection. Fig. 4 B shows that this mutation did not alter the permeability properties of the channel, since both the conductance and the reversal potentials were unchanged. The conductance value for the wild-type receptor was 65 ± 4 pS (n = 9 patches; 4 batches of oocytes) and for aTrp418 was 66 + 2 pS (n = 7 patches; 3 batches of oocytes).
DISCUSSION
The M4 domain of AChR is postulated to be at the lipidprotein interface but not part of the ion channel or ligandbinding domains (Pradier and McNamee, 1992) . The ability of a single mutation at the postulated lipid-protein interface of the ACh receptor to dramatically alter ion channel function is a somewhat unexpected observation. Previous studies of lipid effects on AChR structure and function have suggested a significant linkage between lipid composition and receptor function (Fong and McNamee, 1987; Pradier and McNamee, 1992; Bhushan and McNamee, 1993) , but specific effects at the amino acid level have not yet been proposed. We will focus the discussion on the aCys418 to aTrp418 mutant, because it had the largest effects on channel activity. Com (Pradier and McNamee, 1992) . If the rate of desensitization is proportional to the relative proportion of receptors in the A2R* state, this model predicts desensitization will be about threefold faster for the aTrp418 mutations than the wild-type AChR, in agreement with the fourfold difference in t1/2 we measured. Thus, the data provide support for models in which the open channel form is a predominant pathway for desensitization as proposed by Cachelin and Colquhoun (1989) .
Although the M4 segment of AChR is suggested to be located at the lipid-protein interface, it is not clear how mutations in this region alter ion channel function. A reasonable hypothesis is that mutations will alter helix-helix interactions. If the M4 is an a-helix as in Fig. 1 , the amino residues on the right-hand side, which include the aCys418 in Torpedo, are more conserved among species and might interact with other domains. However, Blanton and Cohen (1992) showed that the amino residues on this side of the helix can be preferentially labeled by a nonspecific lipophilic probe, and they suggested that this side is exposed to lipid. It is remarkable that a mutation in a lipid-exposed region of an a-helix could have such dramatic effects on channel function. Recently, Unwin (1993b) than a-helix conformations based on observations from electron microscopy. Fourier transform infrared measurement from our laboratory (Butler and McNamee, 1993) also suggest a high content of (3-sheet structure in the AChR. Our future studies will examine other positions in the M4 domain to identify patterns in modulating AChR function, with the goal of discerning the secondary structure of the M4 and allosteric linkages between the lipid-protein interface and the ion channel domain.
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